Abstract: High temperature creep and dwell-fatigue properties of the new nickel-based superalloy AD730™ have been investigated. Three microstructures have been studied in creep (850 °C and 700 °C ) and dwell-fatigue (700 °C stress control with trapezoidal signals, and dwell times ranging from 1 s to 3600 s): a coarse grains microstructure, a fine grains one, and single crystalline samples. The aim of this study is to assess the influence of the grain size on creep and creep-fatigue properties. It is demonstrated that fine and coarse grains microstructures perform similarly in creep at 700 °C , showing that the creep properties at OPEN ACCESS Metals 2015, 5 2237 this temperature are controlled by the intragranular precipitation. Moreover, both the coarse grains and the fine grains microstructures show changes in creep deformation mechanisms depending on the applied stress in creep at 700 °C . At higher creep temperatures, the coarse grains microstructure performs better and almost no effect is observed by suppressing grain boundaries. During dwell-fatigue tests at 700 °C , a clear effect of the mechanical cycling has been evidenced on the time to failure on both the coarse and the fine grains microstructures. At high applied stresses, a beneficial effect of the cyclic unloading to the lifetime has been observed whereas at lower applied stresses, mechanical cycling is detrimental compared to the pure creep lifetime due to the development of a fatigue damage. Complex creep-fatigue interactions are hence clearly evidenced and they depend on the pure creep behavior reference.
Introduction
Increasing aero-engine efficiency and reducing NOx emissions is generally achieved in gas turbines by increasing the operating temperatures. Precipitate strengthened nickel-based superalloys, which are mainly used for the rotating parts of the hottest sections of such aero engines, have to be able to withstand higher temperatures to meet these requirements. For instance, the objective of original engine makers is to reach operating temperatures above 700 °C in the rim sections of high pressure turbine disks, a temperature range at which state of the art superalloys such as Alloy 718 cannot be used anymore [1, 2] . AD730™ is a new nickel-based superalloy, developed by Aubert & Duval for turbine disks or seal ring applications, with the particularity of being less expensive than its direct challengers due to its chemical composition and its good workability, enabling it to be manufactured through the cast and wrought route [3] [4] [5] [6] .
During service operations, such high temperature components are subjected to several mechanical solicitations, already widely studied, such as creep and fatigue. However, complex interactions take place between these two classical loading types [7] [8] [9] [10] , suggesting that the study of each one separately is not sufficient. In an aim to achieve more representative conditions, one would prefer to use dwell-fatigue tests to mimic real operation conditions of high-pressure turbine disks (e.g., take off, cruise, and landing).
In this context, the aim of this paper is to study the mechanical properties of this alloy under creep and dwell-fatigue loading conditions. These properties are highly dependent on microstructural parameters, such as grain size, grain boundary morphology, and the size and the morphology of the strengthening phase γ' [11] . In this study, a special focus will be paid to the influence of the grain size on these properties.
Experimental Procedure

Material
Two polycrystalline microstructures and one single crystalline microstructure have been studied, all coming from the same ingot of AD730™ provided by Aubert & Duval (Les Ancizes, France), having the chemical composition given in Table 1 . The polycrystalline material was supplied by Aubert & Duval, as an 87 mm forged bar. Blanks were cut along the longitudinal direction, at mid-radius, prior to heat treatment. Two kinds of microstructures were studied. The first one, improved for creep resistance, presents a homogeneous coarse grains distribution, with an average grain size of about 350 µm. The second one is a fine grains microstructure, developed for high tensile strength, low cycle fatigue, and disk burst resistance (average grain size: 10 µm). These microstructures will be denoted in the following article as "coarse grains" (CG) and "fine grains" (FG) microstructures, respectively. The coarse grains microstructure was obtained by a supersolvus heat treatment composed of two solution treatments: 2 h at 1120 °C /70 °C · min −1 + 4 h/1080 °C /Air Quench (AQ) followed by a two-step aging:
4 h/800 °C /AQ + 16 h/760 °C /AQ, while the fine grains microstructure was obtained by one solution treatment followed by one aging: 4 h/1080 °C /AQ + 8 h/730 °C /AQ [6] . A third microstructure was used for this study: single crystalline (SX) bars made of AD730™ were casted by SNECMA-SAFRAN Group (Gennevilliers, France). These bars were casted along a ~[001] crystallographic orientation. The same supersolvus heat treatment as the coarse grains microstructure has been performed on these single crystals in order to be able to compare the grain size with the same precipitation distribution.
Microstructural observations performed using a JEOL 7000F field emissions gun scanning electron microscope (FEG-SEM) are shown in Figure 1 . The microstructural characteristics of these three microstructures are presented in Table 2 . The fine grains microstructure is composed of primary γ' with an average size of about 1 µm, and fine secondary γ' (~40 nm diameter), while both the coarse grains and the single crystals exhibit a bimodal distribution of secondary γ' precipitates, with coarse cuboidal γ' particles having a ~300 nm size and fine spherical γ' with an average diameter of about 35 nm.
Mechanical Testing
Mechanical tests on FG and CG samples were performed on cylindrical specimens having a 13 mm gauge length, and a 4.3 mm diameter. SX samples, only tested in creep, have a 14 mm gauge length and a 4 mm diameter.
Before mechanical testing, samples were polished with SiC papers up to a 4000 grade for creep testing under air. For all the other mechanical solicitations, additional polishing with diamond sprays was performed up to a 1 µm grade.
Pure creep tests were conducted in tension with a constant load. Elongation was continuously monitored using a Linear Variable Displacement Transducer (LVDT: Solartron Metrology, Bognor Regis, UK).
Creep tests under vacuum were done with an Instron 1271 type hydromechanical machine (Intron France, Elancourt, France).
Dwell-fatigue tests were conducted under air at 700 °C with an INSTRON 8862 type electromechanical machine (Instron France, Elancourt, France). These tests were performed under a stress controlled mode with trapezoidal signals, with a stress ratio Rσ = 0.05. Previous studies [7, 10, 12, 13] have shown that depending on the hold periods (Δt) at maximum applied stress, the material durability is governed either by pure fatigue damage or pure creep damage. It was thus decided to cover a wide range of hold periods (from 1 s to 3600 s), in order to meet both criteria. The maximum applied stresses, ranging from 750 MPa to 950 MPa for the creep-fatigue tests, have been chosen in order to approximate industrial applications. Specimen elongation measurements were performed using a high temperature extensometer.
Results
Creep Behavior
First, creep-rupture tests were performed on these three microstructures at 850 °C . At this extreme temperature for this kind of alloy, oxidation and microstructure overageing are supposed to have a strong impact on creep properties [11] . Comparisons of the creep behaviors of the three microstructures at 850 °C are shown in Figure 2 . When comparing the fine grains and the coarse grains microstructures, it is confirmed that, as expected [11] , the coarse grains microstructure is more creep resistant than the fine grains one (Figure 2a ), in terms of creep life, elongation, and minimum creep strain rate. Thus the grain size seems to be the main factor controlling the creep life.
One way to confirm this trend is to conduct creep tests in the same conditions, on single crystals, previously heat treated in order to have the same γ' precipitation microstructure as we have on the coarse grains microstructure (Figure 1 ). The results of these tests are presented in Figure 2b . This plot shows that, in this range of stress (250 MPa and 300 MPa), single crystals do not perform better than the CG polycrystalline samples (neither in term of creep life nor in creep strain rate (see later). This result suggests that there is a grain size threshold, above which the grain size is no longer the main factor controlling creep behavior. Above this grain size, the intragranular γ' volume fraction becomes the main creep controlling parameter, according to Reed [11] .
The impact of oxidation was also evaluated by performing creep tests under vacuum ( Figure 3 ). It can be seen that for both microstructures, the creep life under vacuum is about 1.5 times higher than under air, except for the creep tests performed on the fine grains microstructure at 850 °C /250 MPa. The very low time to failure (14 h) can explain this: for such a short test, oxidation did not have enough time to affect the creep properties. Even though the alloy's microstructural stability enables it to be used at higher temperatures (hence the coarse grains microstructure), AD730™ was initially designed to withstand temperatures up to 750 °C [3] [4] [5] . In order to get closer to such a temperature range and to assess the creep properties of this alloy in a wide range of temperatures, creep tests at 700 °C were conducted. Creep properties of both the fine grains and the coarse grains microstructures were investigated at this temperature, in the following range of stresses: 600 MPa to 850 MPa (Figure 4a ). It can be seen that, surprisingly, when the applied stress is in the range 700-850 MPa, both microstructures present very similar creep properties (creep life and creep strain rate). This suggests that the grain size has almost no impact on the creep properties in a wide range of applied stresses at 700 °C.
However, when the applied stress decreases, the coarse grains microstructure becomes more creep resistant than the fine grains one, as it does at higher temperatures. This indicates the presence of a threshold stress at which there is a change in creep deformation mechanisms and/or damage processes for at least one of the microstructures. These results are confirmed when looking at the evolution of the time to rupture, plotted as a function of the applied stress (Figure 4b ) where a change of slope is observed around 750 MPa.
Dwell-Fatigue Behavior
To get closer to the service operation of turbine disks, dwell-fatigue tests have been conducted on both the fine grains and the coarse grains microstructures. This part of the study focuses more specifically on the influence of the mechanical cycling frequency compared to pure creep, and on the creep-fatigue interactions in terms of durability.
The creep-fatigue properties of the coarse grains microstructure were investigated at 700 °C, with various hold times and two maximum applied stresses: σmax = 750 MPa and σmax = 850 MPa (Figure 5a,b, respectively) . When looking at the shapes of the curves, it appears that two separated behaviors can be evidenced. For hold times smaller than 10 s, the curves are close to pure fatigue ones, with very limited cyclic ratcheting for more than 90% of the test duration. At the end of the test, a rapid increase of the plastic strain is observed, corresponding to the development of at least one main fatal crack. When the hold time is longer than 10 s, the apparent mechanical behaviors are closer to pure creep ones: the three creep stages (primary, secondary, and tertiary) can be seen, and the cumulated plastic strain is higher. These results are in agreement with the results of previous studies on creep-fatigue interactions about the dependence of the viscoplastic properties to the hold time [9, 10, 12] . SEM fractographic observations confirm this change in mechanical behavior as a function of the applied stress. In Figure 6a , one can see a typical pure fatigue fracture surface, with a crack initiation at twin boundaries, and fatigue rivers, whereas the fracture surface shown in Figure 6b , corresponding to a dwell-time of 300 s, is close to a pure creep one for a coarse grain alloy with a fully intergranular fracture surface and secondary cracks initiating at the grain boundaries. Comparing the dwell-fatigue behavior to the pure creep one, a striking result is observed: when the maximum applied stress is σmax = 750 MPa, the addition of the cycling component causes a deterioration of the time to failure, whatever the hold period. As an example, the creep-fatigue life for a 10 s hold period is half that in pure creep (Figure 5a ). However, the opposite effect is observed when the maximum applied stress increases to 850 MPa (Figure 5b ): for a 10 s dwell time, the creep-fatigue life is 25 h (cumulated time at maximum applied stress), while it is only 20 h in pure creep. The increase in time to failure for long dwell times (300 s and 3600 s) compared to pure creep conditions is even more spectacular at 850 MPa.
These results hence clearly evidence complex creep-fatigue interactions. At 850 MPa, the development of creep damage is dominant and the unloading phases are beneficial to the time to failure while at 750 MPa, the contribution of the fatigue damage (crack initiation and propagation) becomes non-negligible.
Discussion
Deformation and Damage Mechanisms during Creep
The overall creep deformation mechanisms can be deduced from a Norton plot in which the minimum creep strain rate is plotted as a function of the applied stress [14] (Figure 7) . At 850 °C , the coarse grains and the single crystals microstructures exhibit similar behaviors. At this temperature, the fine grains' behavior strongly differs from the two other microstructures. The Norton's coefficient n (based of the Norton's law shown in Equation (1)) for the fine grains microstructure is around one, which means that the creep deformation mechanisms are mainly diffusion controlled, while, due to their higher intragranular γ' volume fraction, the coarse grains and single crystals creep behaviors are both at least partly controlled by dislocation creep (Norton's coefficients of five and six respectively). SEM observations of crept specimens at 850 °C cut along the tensile direction reveal that the fine grains specimens develop preferential damage in the form of pores along the grain boundaries/primary γ' interfaces (Figure 8a) , where vacancies diffusion occurred during the test. Damage is localized at grain boundaries on the coarse grains microstructure (Figure 8b ). This indicates that the diffusion mechanisms here are a mix between grain boundary sliding, and vacancies diffusion along grain boundaries. The better creep properties at this high temperature directly result from the decrease in grain boundary density. The grain size is then governing the creep mechanisms under these conditions, up to a threshold grain size. When this threshold is reached, the dislocations motion in the matrix becomes dominant, explaining the close properties between the single crystals and the coarse grains properties at 850 °C . One would also expect a non-negligible contribution of the intragranular γ' volume fraction, this one being close to 32% in single crystalline and coarse grain samples, while it is in the order of 25% in fine grain samples.
Fracture surface observations of the crept specimens at 850 °C confirm the intergranular character of the failure, as we can see in Figure 9 .
One the other hand, tests performed at 700 °C on both coarse and fine grains microstructures revealed very similar creep performances. Between 750 MPa and 850 MPa, both microstructures show close creep behaviors, with Norton's coefficients higher than sixteen, leading to a dislocation creep type, while their creep behaviors start to differ below 750 MPa, and their Norton's coefficients are five and two for the coarse grains and fine grains microstructures, respectively. Thus, creep deformation mechanisms below 750 MPa for both microstructures at 700 °C seem to be both diffusion/dislocation controlled for the coarse grains microstructures, and mainly diffusion controlled for the fine grains one. Because the grain size has no impact on the creep properties at 700 °C above 750 MPa, another parameter is then creep-rate controlling. It has already been shown [12, [15] [16] [17] that at this temperature, the γ' size and distribution are the creep-controlling mechanisms. In this case, both microstructures possess nearly the same secondary γ' size (Figure 1 ), which could explain why their creep properties are very similar [13] .
Thus the threshold stress suggested by the creep life dependence to the applied stress at 700 °C (Figure 4a ) is confirmed here by investigating the minimum creep strain rates. The presence of such threshold stress has already been evidenced in other superalloys [18] [19] [20] [21] , and also suggests that the creep deformation mechanisms at higher stresses are governed by a regime where the dislocations shear the γ' precipitates, whereas dislocation climb is often the rate limiting deformation mechanism under this threshold stress.
Fracture surface observations of crept specimens do not show any evidence of this change in creep deformation mechanisms. In Figure 10 , intergranular fracture surfaces are observed for the coarse grains microstructure at 700 °C both at 600 MPa (Figure 10a ) and at 850 MPa (Figure 10b ). Post-mortem observations along longitudinal cuts of crept specimens at 700 °C, with an applied stress higher than 750 MPa show a strong dislocation activity through γ' precipitates shearing (Figure 11 ). Further TEM observations would be necessary to confirm the differences in deformation mechanisms below and above this stress threshold. Moreover, additional experiments under vacuum would be required to check if the minimum strain rate dependence to the applied stress observed under air conditions at 700 °C is also sensitive to the environment, as one would expect based on the first results under vacuum shown in Figure 7 . Figure 11 . Post-mortem observations on longitudinal cut from crept specimen at 700 °C, fine grains microstructure, 700 °C/800 MPa. Arrows indicate shearing mechanisms.
Deformation and Damage Mechanisms during Dwell-Fatigue Loading at 700 °C
To understand the differences between dwell-fatigue and pure creep behavior as a function of the maximum applied stress, fracture surface analyses of tested specimens were done on samples tested with σmax = 750 MPa and σmax = 850 MPa, with the same dwell time: 10 s (Figure 12 ). Both fracture surfaces exhibit similar features, with an initiation site at twin boundaries. Closer observations of longitudinal sections of the specimens are needed to get a better understanding of this dependence on the applied stress. However, one assumption can be made. Indeed, it has been shown previously in this paper that, for the coarse grains microstructure, at 700 °C in pure creep, a change in creep deformation mechanism occurs around 750 MPa. A dwell-fatigue test, for a given hold period can be seen as a pure creep test with periodic unloading phases. In that case, the dislocation's recovery processes may occur during these unloading phases.
As a result, the change of behavior observed in creep-fatigue when decreasing the maximum applied stress can be linked to the change in the creep deformation mechanism occurring during pure creep at 700 °C, around 750 MPa, as discussed before.
In creep-fatigue, when the maximum applied stress is 850 MPa (i.e., maximum applied stress/0.2% yield stress ratio ~ 0.96), the deformation during the hold periods is expected to be governed by dislocations shearing. The fact that the creep life at 850 MPa is lower than the creep-fatigue life at the same maximum applied stress indicates that the dislocation recovery processes during the relaxation phases have a beneficial impact on the material properties. Indeed, negative plastic deformation (i.e., plastic deformation toward smaller strains) occurs during unloadings. Such a yielding, appearing progressively in the meantime of dwell-fatigue tests at high applied stresses for long dwell time, clearly indicates a pronounced tension/compression asymmetry and, hence, a Bauchinger effect. The overall plastic strain rate during such tests is then slowed down by the unloading phases.
On the other hand, at 750 MPa (i.e., maximum applied stress/0.2% yield stress ratio ~ 0.85), around the creep threshold stress, the creep-controlling mechanisms should be a mixture between dislocations climbing/bypassing over precipitates and shearing. In these instances, the creep life is higher than the dwell-fatigue life. This suggests that the unloading phases are no longer beneficial. In this case, unloadings do not introduce "negative" yielding at minimum stress and apparent slower plastic strain rates at maximum stress. The stress release phases can then be seen as a cycling component, which can be deleterious for the material compared to pure creep, contributing to fatigue damage.
Firstly, dwell-fatigue tests on the fine grains microstructure were conducted at maximum applied stresses higher than the creep threshold stress (950 MPa and 850 MPa), and around it (750 MPa), for hold periods of 10 s. The results from these tests confirm the trend observed on the coarse grains microstructure: when the maximum applied stress is higher than the creep threshold stress, the unloading phases seem to be beneficial to the overall time to rupture, whereas the opposite effect is encountered at maximum applied stress close to the creep threshold stress (750 MPa) ( Figure 13) .
More tests at different applied stresses and microstructure investigations are needed to analyze and better understand these first results. 
Conclusions
The viscoplastic behavior of the AD730™ superalloy under pure creep and dwell-fatigue loading has been investigated at 850 °C and 700 °C on three different microstructures in order to investigate the influence of several microstructural parameters. It appears that at 850 °C , if the coarse grains microstructure is more creep resistant than the fine grains one, due to its larger grain size, the single crystalline microstructure is not more creep resistant than the coarse grains one. Hence, the creep behavior mainly depends on the grain size, but also on the intragranular γ' volume fraction. At 700 °C , the creep-controlling parameters depend on the applied stress, for both the fine and the coarse grains microstructure and the grain size is no longer the microstructure controlling parameter. A change in the creep strain rate dependence to the applied stress around 750MPa has been highlighted, and is assumed to be linked to a change in operative dislocation micromechanisms.
Dwell-fatigue tests performed at 700 °C on both the coarse grains and the fine grains microstructure exhibit a change of influence of the unloading phases on the overall behavior, depending on the maximum applied stress. This suggests that there is a link between the pure creep behaviors at 700 °C and the dwell-fatigue one, with the unloading phases during this type of test playing a prominent role in controlling the time to failure by introducing dislocation recovery mechanisms.
